Abstract-Radial type superconducting magnetic bearings have been developed for a 10 kWh-class flywheel energy storage system. The bearings consist of an inner-cylindrical stator of YBCO bulk superconductors and an outer-rotor of permanent magnets. The rotor is suspended without contact via the pinning forces of the bulk superconductors that are arranged such that the -axis of each superconductor is aligned parallel to the radial direction of the cylinder. In this paper, we describe the implementation of the stator part and report the SMB test results, namely that the rotor was successfully rotated at up to 7,500 rpm. Thus we succeeded in energy storage of 2.24 kWh.
I. INTRODUCTION
A flywheel energy storage system is one of the most important energy-saving technologies. Although this system has already been used in various fields [1] , the use has been limited to short-term storage within a few minutes due to the high rotation energy loss caused by mechanical bearings. In contrast to these conventional mechanical bearings, superconducting magnetic bearings (SMBs) involve much lower rotation loss since the flywheel rotor is suspended without contact via the pinning forces of bulk superconductors. Therefore, it is expected that longer-term (for over an hour) energy storage could be achieved for the purpose of diurnal load-leveling and uninterruptible power supply [1] . There are nevertheless several issues to be solved with flywheel systems using SMBs, such as the levitation force, the gradual fall of rotor, and so on. As one approach, we chose a radial-type SMB in the present NEDO (New Energy and Industrial Technology Development Organization) project [2] - [4] . The levitation force of radial types can be easily enlarged only by extending the axial length of the SMB. Thus, the mechanical strength of the magnetic circuit is tolerant to the strong centrifugal force caused by its high circumferential velocity. We fabricated a radial-type SMB applied to a 10 kWh-class flywheel test system in order to clarify the issues in actual operation. In this paper, we focus on the implementation of the SMB stator together with the SMB evaluation test results.
II. OUTLINE OF THE 10 kWh-CLASS FLYWHEEL TEST SYSTEM
A schematic view and the basic characteristics of the test system are shown in Fig. 1 and Table I , respectively, where the SMB is located at the center of the rotating axis. The inner stator of the SMB is composed of YBCO bulk superconductors, which is surrounded with an outer-rotor of a permanent magnetic circuit. The flywheel is made of carbon fiber reinforced plastics (CFRP), whose diameter is 1 m and the whole rotor weight is 425 kg. The active magnetic bearings (AMBs) are installed at the upper and the lower part of the shaft to stabilize the high-speed rotation. The flywheel rotor is installed in a vacuum chamber to minimize the windage loss. roof tile as shown in Fig. 2 (a) and was impregnated with epoxy resin for reinforcement, surface protection and prevention from gradual deterioration [5] . Eight bulks form a 1-story unit ( , , ) as shown in Fig. 2 (b), while 5 units form the cylindrical stator as shown in Fig. 2(c) . The crystallographic -axis direction, which is indicated by the arrow written on it, was intentionally directed perpendicular to its arc surface in order that it faces perpendicularly to the rotor surface to get the strongest levitation force.
We evaluated the quality of the individual superconductors, as shown in Fig. 3 , in order to select 40 pieces of relatively good field trapping ability and strong repulsive force against a permanent magnet (PM) block [6] . Those with similar characteristics were arranged in the same story to minimize the harmful imbalance and all of them were precisely set into the cylindrical cryostat (SUS304) ( , ). Spacers (SUS304) ( ) were put between the stories to secure sufficient cooling performance to counter the rise in temperature of the stator. We then filled the stator with to check the repulsive force of every piece against the PM block and see if all superconductors were well fixed.
IV. THE SMB ROTOR
The SMB outer-rotor is composed of PM rings (NEOMAX-39SH) and yoke rings (SS400). Each PM ring is magnetized along the axial direction of the cylinder and the PM rings sandwich the yoke ring with the same poles to generate a strong magnetic field in the radial direction. A schematic illustration and a photograph of the rotor are shown in Fig. 4(a) and (b) , respectively. Besides, the field strength of the magnetic circuit is shown in Fig. 5 . Then it was installed inside the shaft of the flywheel rotor which is shown in Fig. 6(b) .
V. EVALUATION OF THE SMB AT ITS STATIC STATE
The evaluation test was carried out using the 10 kWh-class system shown in Fig. 6(a) . First of all, we tested it at its static state without rotation to get the basic characteristics.
A. Levitation Force Density
The levitation force density was estimated whether it is equivalent to the SMB 1-story module [2] , [7] that was fabricated previously in the project. In addition, we investigated the maximum levitation force to be loaded with the pre-loading method [8]. Since no loadcell was equipped in the system, the test was carried out as follows.
First, the stator was moved upward by the actuator of the stator increasing the axial relative displacement, i.e. producing the levitation force, between the rotor and the stator. Then the relative displacement was recorded at the very moment lifting up of the rotor was started. The point is shown as in Fig. 7 . As the stator was moved farther upward, the rotor was stuck with the ceiling and the relative displacement was started increasing again. After the displacement reached the -component of , the stator was moved downward to re-levitate the rotor. We call this process as pre-loading method discussed later.
The re-levitating points in Fig. 7 well agreed with the points obtained by the analysis of the 1-story SMB module which had already confirmed its accuracy previously in the project. Also the applicable maximum force for the pre-loading method was estimated as 8,700 N.
B. Rotor Gradual Fall Phenomena Caused by Flux Creep and the Effects of the Pre-Loading Method
The axial displacement was observed over time and confirmed the rotor fall of the SMB is equivalent to that of the 1-story SMB module. Also the pre-loading method, which is based on hysteretic characteristics of superconductors, was checked to see if it successfully suppresses the fall, and the optimal pre-loading force was estimated.
As shown in Fig. 8 , the rotor did not fall but ascended even from the re-levitating points according to the pre-loading forces. This means that the pre-loading method successfully helped to reduce the rotor fall. When the 175% force (7,000 N) of the whole flywheel rotor was applied, in particular, the axial displacement of the rotor was kept very little all the way. That is why we estimated this force to be the optimal pre-loading force for rotation.
C. Rotor Gradual Fall Phenomena Caused by Radial Vibration
Control signals were applied to the radial AMBs to vibrate the rotor to investigate the gradual fall phenomena at its critical speeds. The parallel mode, where the upper and the lower part of the rotor move in the same phase, and the conical mode, where they move in opposite phase, were induced by the control signals. The pre-loading was then applied to investigate whether it works under the vibratory condition, and if so, to determine the optimal pre-loading weight for rotation.
The results are shown in Fig. 9 . We found that the larger amplitude increases the gradual fall phenomena seeking stability. They were more conspicuous in the parallel mode than the conical mode. This is because the amplitude at the center of the shaft where the SMB was installed is larger for the parallel mode than for the conical mode.
The pre-loading worked effectively and the optimal force was found to be 7,000 N, as we predicted in the previous test. 
VI. EVALUATION OF THE SMB AT ITS ROTATIONAL STATE
Considering the circumstances mentioned above, the rotational test was carried out only under application of the optimal pre-loading, for safety reasons.
We monitored both the axial displacement and rise in temperature of the stator, in order to avoid any serious problems. Fig. 10 shows the transition of the radial and axial displacement during the test. Although the maximum radial displacement was approx. 300 P-P in the parallel mode (at approx. 830 rpm), very little irreversible axial displacement was observed while only a micro vibration occurred. Since little irreversible axial displacement together with stable radial vibration continued throughout the rotation, we increased the speed to 7,500 rpm succeeding in energy storage of approx. 2.24 kWh while the total running time was approx. 6.5 hours. Since the temperature rise of the stator was also very little (less than 20 mK) as shown in Fig. 11 , we expect that rotation at a higher speed as well as for longer hours is feasible. Thus, we evaluated that this SMB has sufficient performance for 10 kWh-class flywheel systems.
VII. CONCLUSION
We developed a radial-type SMB applied to a 10 kWh-class flywheel energy storage system developed for the project and evaluated it as follows. The performance of the SMB at its static state agreed precisely with the 1-story module which had been fabricated previously in the project. Furthermore, we found that the pre-loading method successfully suppresses the gradual fall even under the vibratory condition. As a result, very little axial displacement was observed even when the rotation was passing through the parallel mode, with as much as 300 P-P radial displacement. Thus the rotor was stably rotated at up to 7,500 rpm, which corresponds to 2.24 kWh, and higher rotation is expected to be feasible. Moreover, we gained very helpful knowledge through the tests for designing a real system, namely that all phenomena precisely reappeared every time despite the inhomogeneous characteristics of the bulk superconductors, and dislocation between the stator and the rotor caused by thermal contraction at its cooling process does not cause any problems.
